Brigham Young University

BYU ScholarsArchive
Theses and Dissertations
2020-10-02

Molybdenum Deposition and Dissolution in Ethaline with the Use
of Fluoride Salts
Ethan Mitchel Gunnell
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Engineering Commons

BYU ScholarsArchive Citation
Gunnell, Ethan Mitchel, "Molybdenum Deposition and Dissolution in Ethaline with the Use of Fluoride
Salts" (2020). Theses and Dissertations. 8682.
https://scholarsarchive.byu.edu/etd/8682

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more information, please
contact ellen_amatangelo@byu.edu.

Molybdenum Deposition and Dissolution in Ethaline with the Use of Fluoride Salts

Ethan Mitchel Gunnell

A thesis submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of
Master of Science

John N. Harb, Chair
Stella Nickerson
Dongjin Seo

Department of Chemical Engineering
Brigham Young University

Copyright © 2020 Ethan Mitchel Gunnell
All Rights Reserved

ABSTRACT
Molybdenum Deposition and Dissolution in Ethaline with the Use of Fluoride Salts

Ethan Mitchel Gunnell
Department of Chemical Engineering, BYU
Master of Science
This work demonstrates the deposition of molybdenum in a deep eutectic solvent for the
first time, and explores the processes needed for electrorefining of molybdenum. The
electrochemical and transport behavior of chloride-coordinated molybdenum in ethaline was
initially studied to determine if deposition was possible. Cyclic voltammetry was used to show
that MoCl5 added to ethaline exhibits quasi-reversible behavior. Both the measured transfer
coefficient and the precipitation of MoCl3 suggest that the reduction of MoCl5 in ethaline is a
two-electron transfer reaction where the oxidation state of molybdenum in the product is Mo(III).
No deposit was formed with the use of MoCl5 alone and the presence of a shuttling reaction may
be partly responsible for the lack of a deposit. However, the deposition of molybdenum was
accomplished in ethaline at 80 °C by altering the speciation of the metal complex with the
introduction of fluoride ions. A change in coordinating ligands in the presence of fluoride was
evidenced by a change in the electrochemical behavior of the Mo species, as determined with
cyclic voltammetry. Chronoamperometry was then used to produce Mo deposits on nickel
substrate in the presence of fluoride ion. The deposits were imaged with SEM and the presence
of Mo was confirmed with EDX. In order to study the effect of the newly introduced fluoride ion
on the anodic dissolution of molybdenum in ethaline, linear sweep voltammetry was used. In
addition, a chloride-free electrolyte composed of 1M KF in ethylene glycol was used to
anodically dissolve Mo at a faradaic efficiency of 63%. The ability of Mo to be anodically
dissolved in the presence of fluoride showed the addition of fluoride enables Mo deposition
without significantly hindering the anodic dissolution of Mo. Thus, both dissolution and
deposition of molybdenum are possible in a deep eutectic solvent, opening the way for possible
development of a Mo electrorefining process.
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Introduction

Molybdenum is a refractory metal that is commonly used in steel alloys to enhance
strength, hardness, and corrosion resistance. However, the usage rate for molybdenum is
increasing by 4.4% each year while the recycling rate is only being maintained at 20% [5]. If the
recycling rate for Mo does not increase, the world’s extractable Mo resources risk being depleted
within the next century [5]. Applications that require pure Mo, such as semiconductors and
medical devices, could see a hike in price as global Mo resources dwindle. Thus, an inexpensive
method for purifying Mo from recycled metal may provide incentive to increase the recycling
rate of Mo.
The proposed method of purifying Mo in this work is electrorefining. Electrorefining is a
method of purifying metal and consists of anodic dissolution combined with cathodic deposition.
Given that the reduction potential of Mo is below that of hydrogen evolution, the
electrodeposition of Mo in aqueous electrolyte occurs at a very low current efficiency (~1%) and
often requires high concentrations of acids or ions such as acetate [6]. Thus, a waterless
electrolyte, such as an ionic liquid (IL) or a molten salt, is desired to prevent hydrogen evolution
and provide a larger electrochemical window so that a low reducing potential can be used to
deposit Mo. While some indication of the feasibility of electrorefining Mo in molten salts has
been made [1], the electrorefining process would be far less expensive and straightforward if
done at room temperature. However, the feasibility of electrorefining Mo in room temperature
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ionic liquids is uncertain, as only a few IL studies have claimed to have deposited molybdenum
[2-4] and no group has attempted electrorefining in room temperature ILs to date. Furthermore,
the anodic dissolution of Mo in IL has also not been documented except inconclusively in
[Bmim]+/CF3SO3- as part of a study on Mo deposition and dissolution in a cryogenic
NH4NO3/NH3 electrolyte [5]. Thus, the search for an IL or an alternative electrolyte that can be
used to electrorefine Mo without special temperature accommodations is ongoing.
Deep eutectic solvents (DESs) represent a relatively new category of electrolytes that are
gaining interest as an alternative to traditional ILs. Formed by a eutectic mixture of Lewis or
Brønsted acids and bases [1], DESs are environmentally sound electrolytes that are substantially
cheaper and easier to synthesize than ILs. Already, DESs have been used in the electrowinning,
electropolishing, and electrodeposition of various metals [2-4]. Like ILs, the range of potentials
which can be applied in DESs is larger than the range that can be applied in aqueous electrolytes
because it is not limited by the electrolysis of water. Thus, DESs are being used to investigate the
electrodeposition of metals with reduction potentials too low for aqueous electrolytes. Several
refractory metals, which are used in protective coatings and alloys, fall into this category.
In contrast to ILs, DESs have not been used to demonstrate Mo deposition but have been
used to anodically dissolve Mo [6] and codeposit Mo with other metals [7-9]. Deposition, and
subsequent electrorefining, of Mo in DES would be significant because of the unique benefits
DES systems offer over typical IL systems such as affordability, biodegradability, wide
availability, and nontoxicity.

2

2

Literature Review

Overview
Despite the lack of electrochemical studies in ILs involving Mo, researchers have utilized
ionic liquids for electrodeposition as far back as 1951 [22]. Today, an almost limitless
combination of anions and cations can be used to make ILs. Thus, the term ‘designer solvents’
refers to the ability to select IL constituents based on the desired application. The same tunable
nature of ILs is also found to be true with DESs. To know which constituents favorably interact
with Mo to allow for electrorefining, an examination of why anodic dissolution and
electrodeposition of Mo has worked in other systems is necessary. The following review of
literature delves into past findings to explore what can be done to successfully electrorefine Mo
in DES and to examine challenges that this investigation may face.

Electrodeposition of Mo
The greatest challenge this work undertakes is the electrodeposition of Mo in DES. The
electrodeposition of refractory metals has posed a significant challenge to past researchers [23].
Several complicating factors including dimeric or polynuclear complexes, ion polymerization,
and different Mo complexes existing simultaneously in equilibrium have led to divergent
viewpoints on Mo reduction mechanisms in molten salts, as well as in aqueous electrolytes [23,
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24]. Despite the vast difference in operation temperature between molten salts and ionic liquids,
these two systems are considered somewhat analogous in behavior when it comes to ligand
interactions with Mo [25]. Even with significant differences in thermodynamics and working
environment due to the vastly different operating temperature, the study of Mo electrochemistry
in molten salts may provide a better understanding of Mo behavior in ILs and DESs.

2.2.1

Mo Deposition in Molten Salts
The anion of a molten salt largely determines how a metal cation is complexed. Since a

Mo cation can exist in multiple oxidation states, it is important to know how different anions
stabilize the Mo cation. Two classical examples of molten salt anions are fluoride and chloride.
In molten salts, the oxidation state and reduction potential of Mo have been shown to vary with
electrolyte composition, especially between chloride and fluoride-based salts [23]. Given a
difference in oxidation state and reduction potential, Mo electrodeposition is likely influenced
heavily by anions in the salt. In KCl-LiCl-K3MoCl6, a chloride-based melt, non-Nernstian
behavior of Mo was observed because of a slow, multistep dissociation reaction of a dimeric
Mo3+ species into Mo metal and a Mo5+ species [26]. While Mo3+, in the form of [MoCl6]3-, is
considered the prevalent Mo species in chloride-based molten salts, dissociation of this complex
yields Mo metal and volatile MoCl5 and this slowly diminishes the Mo content in electrolyte. In
addition to the phenomenon of Mo dissociation, the reduction of Mo in chloride-based melts is
not well understood due to its multistep nature and tendency to block diffusion of reactants to the
electrode surface [27]. One instance of a multistep, irreversible deposition in a chloride melt was
attributed to the reduction of polynuclear to mononuclear complexes of Mo [26]. In contrast, in
FLINAK, a fluoride-based molten salt, researchers observed a single step reduction mechanism
from an average oxidation state of 3.3 [27]. Thus, Mo appears to be reduced more simply in
4

fluoride-based molten salts than in chloride-based molten salts. Adding fluoride ions to a
chloride-based molten salt has also resulted in improved Mo deposition. With the addition of KF
to NaCl-KCl-ZnCl2 molten salt, Mo deposits exhibited improved density and smoothness [10].
Thus, it is believed that fluoride ion facilitates the electrodeposition of Mo, and other refractory
metals, in molten salts [11].

2.2.2

Mo Deposition in Ionic Liquids
While many metals readily deposit in IL, Mo deposition in IL has only been studied by a

few research groups. One such group utilized LiTFSI-CsTFSI (0.07:0.93 mole fraction) and KF
to deposit a gray/black layer confirmed to be metallic Mo by XPS and XRD [2]. Technically this
electrolyte falls short of meeting the definition of an ionic liquid, as it melted at 112 °C and the
deposition was carried out at 150 °C. Two years later, another report of molybdenum
electrodeposition at 150 °C was released by the same group from Kyoto University [3]. The
solvent/electrolyte used in this second report was EMPyrCl-ZnCl2, which has a melting point of
45 °C and thus qualifies as an ionic liquid. However, 3.0 mol% KF was added along with the Mo
source of 0.9 mol% MoCl5. The enhanced morphology and metallic nature of the subsequent
deposit was attributed to the fluoride ion introduced with KF [3]. The electrodeposition
proceeded with a low faradaic efficiency of 24% and resulted in amorphous, metallic
molybdenum, which was characterized by SEM, SIM, and XPS [3]. Similar findings regarding
the facilitation of Mo deposition in the presence of fluoride were reported in [P4444][Cl]:ZnCl2
IL at 200 °C. The result of adding KF to this IL resulted in a positive 100 mV shift in the cyclic
voltammogram and an increase in the reduction peak magnitude [24]. The resulting deposit,
although poorly adhered, was determined to be metallic [24].
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More recently, constant current electrodeposition from BMIM-BF4 was achieved at
150 °C by using an ethylene glycol additive [4]. While pure BMIM-BF4 deposited Mo at
temperatures above 180 °C, lower temperature deposition was enabled through an ethylene
glycol additive that decreased the viscosity and improved the diffusion of the Mo species to the
surface of the electrode [4]. With ethylene glycol, the deposition rate increased with increasing
temperature from 100 °C to 150 °C, and the Mo layers deposited at higher temperature showed
reduced cracks, better adhesion, and a layered structure [4]. Unfortunately, ethylene glycol was
reported to evaporate from the IL at 150 °C and the deposition process was noted to be unsteady
in nature. Very low densities between 0.5 to 1.0 mA·cm-2 were used because current densities
higher than 1.25 mA·cm-2 produced cracks and then delaminated the Mo deposit because of poor
adhesion.
It is worth noting that all of the ILs discussed in this section included the presence of a
fluoride-based anion as part of the IL or a fluoride ion source added in to facilitate deposition:
TFSI-, KF, and BF4- [2-4]. Yet it is unclear whether the KF added to EMPyrCl-ZnCl2 was used to
improve the deposit or entirely enable it, as no results without the use of KF were published [16].
However, the high temperature IL, [P4444][Cl]:ZnCl2, reported a change in the reduction
behavior of Mo with the addition of KF. Given this high temperature IL shares the same chloride
anion with many common DESs, such as ethaline, it may be possible to facilitate deposition in
DES with the use of fluoride ion.

2.2.3

Mo Deposition in DES
While DESs and ILs are similar and often grouped together, there are benefits and

drawbacks to using one over the other for electrodeposition. Both ILs and DESs benefit from a
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wider electrochemical window and lower volatility relative to aqueous electrolytes. The added
benefits of using DESs over ILs is that DESs are affordable, easy to synthesize, nontoxic, and
generally more environmentally friendly. Additionally, DESs and the speciation of most metal
ions in DESs are insensitive to moisture [9] whereas many ILs such as chloroaluminates are not.
However, the electrochemical window of a DES is typically narrower than that of an IL. For
example, the DES used in this study, 1:2 choline chloride-ethylene glycol (ethaline), has a
reported electrochemical window of approximately 2.3V on a platinum electrode [10], while the
electrochemical window for conventional ILs is 3-6V [11]. Moreover, the electrochemical
window of a DES is further narrowed with increasing temperature [1, 12]. Thus, the use of DESs
affords a plethora of attractive benefits, but there are also physical limitations.
While Mo can co-deposit as an alloy with Ni, Co, and Cu in DES [7, 9, 12], the
electrodeposition of Mo does not appear to have been documented in literature. As such, there
are a few possible challenges that may arise in attempting to deposit Mo in a DES. As mentioned
previously, the electrochemical window of a DES is smaller than that of an ionic liquid, which
may limit the ability to successfully reduce molybdenum. If the reduction potential of Mo is too
low, the DES might be reduced before Mo reduction occurs. Also, Mo deposition in ILs was
enhanced significantly at temperatures higher than 100 °C [2-4]. In contrast, ethaline, a common
DES, starts to degrade at around 107 °C [13]. While other DESs have slightly higher thermal
stability, there are very few that have conductivities nearly as high as ethaline’s [19]. As such,
ethaline is perhaps the most common choice of DES for electrodeposition [14].
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Additives in IL and DES
To improve transport or alter Mo complex formation to a more favorable configuration, it
may be possible to use additives. DES has a higher solubility for inorganic salts than most ILs
[15, 16] and thus additives are easy to introduce as a means of altering the chemical and transport
behavior of the system. For example, one system involving a quaternary ammonium and an
aluminum halide salt produced an Al deposit only when the concentration exceeded 0.5 mole
fraction of AlCl3. Anything above this concentration threshold was considered Lewis acidic,
while lower concentrations were Lewis basic and produced either no deposit or very poor
deposits [17]. It was speculated that in the Lewis basic system, the double layer was poor in
aluminum. By adding benzene to the aluminum system, deposition was enabled by decreasing
the viscosity and improving transport of the Al species to the electrode surface [18]. Another
additive, which is used specifically in DES and is also a constituent in some cases, is ZnCl2.
ZnCl2 increases mass transport by disrupting the hydrogen bond network of a DES, resulting in a
lower viscosity [19]. Given that DES is more viscous than water and molten salts, it follows that
deposition may be hindered by the transport of species through the bulk system and the diffusion
layer or double layer at the electrode surface.
The reduction of Mo at the electrode interface is entirely unexplored in DES. However,
other metals, such as Zn, have shown that nucleation in DES is hindered by chloride adsorption
at the electrode surface [19]. While the chloride surface concentration can be reduced with
increased temperature in DES [20], other complicating factors still exist at the surface of the
electrode. Foremost, the double layer in an ionic liquid is not well understood and models for
aqueous solutions cannot be applied [21]. At best, the double layer can be assumed to be oneion-layer thick according to sum frequency generation spectrometry work completed in an
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imidazolium ionic layer [22]. Given the complex behavior of Mo and the obscure nature of the
double layer in ionic liquids, it may be difficult to diagnose what issues are inhibiting deposition.
However, it is likely that the choline species in DES is also involved in the double layer, given
that it is the cation of the salt. Choline is a large, asymmetrical organic cation and could make it
difficult for large complexes of Mo to diffuse to the surface and through the double layer. While
organic additives such as benzene have been used to improve the diffusion of species to the
surface, inorganic additives such as LiCl have been used to decrease the size of the double layer
[21]. This drastic decrease of the Helmholtz layer due to the addition of small cations, such as
Li+, has shown to improve morphology of aluminum deposits in IL to a more dense, uniform
layer [21]. While the role of the cation of an ionic additive may influence the double layer, the
anion might influence speciation.
It is clear from literature that fluoride anion changes the electrochemical behavior of Mo
and consequently its deposition [2, 3, 23]. This change in electrochemical behavior is likely due
to a change in speciation. In aqueous electrolyte, the average valence of formed Mo deposits
decreased as HF concentration increased, indicating a change in complex [24]. In addition to
altering the complex to enable deposition, the surface blocking behavior of Mo polymerization
was inhibited by HF [24]. In DES, the only available anion is chloride and thus it is assumed that
the ligands of the Mo complex are chlorides. However, EXAFS data has shown that the ligands
of a metal complex are not exclusively the anions of the DES [25]. Depending on the interactions
between the DES anion and hydrogen bond donors, metals may form complexes with the solute
anions [25].

9

Ligands and Complexes
Perhaps the most important interaction between an IL or DES and metal cations is the
speciation, or how ligands coordinate around the cation to form a complex. Ligands are often
described as strong, weak, or neutral in their coordinating behavior. The ligands that interact
with Mo, often assumed to be the anion of the IL, influence the reduction potential of metal
complexes and can even change the order in which different metals reduce [26]. For example,
Sn(II) has a larger redox potential than Cu(I) in DCA-based IL, whereas the opposite is true in
aqueous systems [26]. This somewhat surprising phenomenon is due to the variation of ligand
coordination strength amongst different metals. Different ligands will exhibit varying levels of
coordination strength, which is how strong the interactions between the ligands and cationic
nucleus are. BF4- is considered a weakly coordinating ligand due to is poor metal solvation
ability, whereas Cl- is considered a strong coordinating ligand due to its ability to strongly
solvate metal ions [27]. The coordination strength of the ligand influences reduction of the
complex because the complex must shed the ligands if the metal is to be deposited onto an
electrode surface.
In an electrorefining context, the coordination strength of ligands introduces a tradeoff. If
ligands are strongly coordinating, the complexes they form with the metal cation would be more
difficult to reduce, and it is possible that their reduction potential might fall outside of the
electrochemical window of the electrolyte. Conversely, if the ligands are weakly coordinating or
do not coordinate, anodic dissolution cannot occur as the metal ion will not be solvated, or
stabilized, in the electrolyte [28]; yet, reduction of the complex should occur more readily.
Recently, Oak Ridge National Laboratory described the use of neutral ligands for
electrodeposition and dissolution of rare earth elements [29]. Deposition proceeded in a simple,
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single step reduction due to low lattice energy because the cation was enlarged with neutral
ligands such that the columbic interaction between the anion and cation was weak [29]. While
the coulombic interactions between the complexed cation and the salt’s anion are determined by
ion size and electronegativity, other coulombic effects are determined by the structure of
coordinated ligands.
By varying the ligands of a metal complex in an ionic liquid, electrochemical processes
can be enabled or improved for certain metals. This selective approach is called ligand tuning
and has been used by researchers to improve deposit morphology and electrochemical
reversibility in copper-based ionic liquids [30]. These researchers observed improved deposit
morphology with stronger coordinating ligands and found the morphology and deposit grain size
to be dependent on the IL anion. These findings show similar morphological dependence on the
IL anion to those published on antimony deposition, which noted that IL with TFSI anion
resulted in a crystalline Sb deposit whereas DCA anion gave an amorphous Sb deposit [31]. In
studying the anion effects on copper, researcher noted that the ligands and the anion of the IL
weren’t necessarily the same [30], as is often assumed. While this is often the case with
thiocyanate and imidazolium-based IL, as well as ChCl-Urea, the anion does not always
coordinate predictably for a given cation [25]. Instead, the formation of a cationic or anionic
complex with coordination numbers different than the metal’s oxidation state is possible and
could involve the IL cation as well on rare occasion [25]. This makes predicting the Mo complex
configuration in DES, and speciation in general, difficult.
The speciation of Mo in IL or DES is not straightforward, and there is limited data on Mo
speciation in IL. In ChCl-Urea (Reline) DES, MoO3 forms [MoO2Cl3]-, a complex anion and it is
suspected that other forms of Mo might also form complex anions [32]. Despite the presence of
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large cations and hydrogen bond donors, DESs with discrete anions are analogous to ILs and
molten salts [20] and, as such, the anion of the electrolyte is most often the primary ligand in
metal complexes [9]. The observation of a homogeneous rearrangement reaction after anodic
dissolution of Mo in an ammonia-based electrolyte indicated that Mo enters non-aqueous
electrolyte as Mo(V) based on the known possible Mo-ammonia complexes and the assumption
that all the electrons vacate the ‘d’ orbital [8]. In a basic chloroaluminate(III) DES, both MoCl5
and [Et4N][MoCl6] underwent a spontaneous single electron reduction to form a [MoCl6]2complex [17]. It is suspected that a component of the chloroaluminate electrolyte is oxidized
when MoCl5 is added and [MoCl6]2- is formed [14]. The presence of this complex anion was
confirmed by electronic absorption spectrometry, and cyclic voltammetry was also used to
identify a [MoCl6]2-/[MoCl6]3- redox couple [14]. The findings of this chloroaluminate study
indicated that the stable species was Mo(IV). While this may be at odds with the theory that
Mo(V) is the stable species in DESs with chloride anion, the multivalent nature of Mo may
complicate its speciation and speciation may be heavily influenced by the electrolyte’s cation as
well.
Cr, a multivalent metal analogous to Mo, was studied in ethaline DES with extended Xray absorption fine structure (EXAFS). The coordination of CrCl3·6H2O was found to be
dependent on the water content in the ethylene glycol DES [25]. The mixed chloro-aquo
complexes that Cr(III) formed were dissimilar to the complexes formed by other transition
metals, which were dominated by the DES anion. Furthermore, the Cr complex switched from an
anionic to cationic complex with the addition of 5% water [25]. While the speciation of Mo is
not well studied in DES, it is evident from the Cr data that the coordination number, oxidation
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state, and overall complex charge of Mo could be sensitive to impurities such as water and
oxygen.
Complexed metals like Mo will have an overall charge, which influences how the
complex moves under an applied potential. If this overall charge is negative, migration, or how
the complex moves under an applied voltage, will work against deposition. Given Mo can
coordinate with many ligands while in various oxidation states, it is not impossible that Mo could
exist as an anionic complex. In fact, all the speciation data present for Mo in IL and DES indicate
it forms a complex anion [17, 32]; thus, migration might work against Mo deposition.
Nonetheless, migration is not an issue with supporting electrolyte and the deposition of
negatively charged complexes is common in IL. This has been shown, as Al, Mn, Ni, Zn, Sn, and
Cu were all deposited as complex anions with a DCA- based IL [26].

Anodic Dissolution of Mo in DES
At the anode, metal cations are introduced into the system via anodic dissolution, or
oxidation of the anode. As they are introduced, the metal cations will form complexes with
ligands in the solution, as described previously. Thereafter, overall charge of the cation and its
ability to coordinate with the available ligands determines its solubility [28]. Furthermore,
decreased viscosity and increased temperature, which tends to decrease viscosity, lead to higher
dissolution currents as the transport of charge carriers is enhanced [28]. Increased conductivity is
one way of quantifying the improved transport properties of charge carriers [33]. However,
dissolution may be inhibited by salt films on the electrode surface even if said salt is highly
soluble; yet, stirring the solution assists the diffusion of ligands to the electrode surface [28].
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In DES, the oxidation of some metals is a straightforward process. A general trend, highlighted
by Abbot et al., is that metals that form stable complexes or salts with chloride are easily
oxidized into chloride-based electrolyte [28].
Only one group has studied Mo oxidation in DES [6]. Based on their findings, they
believe Mo to exist as Mo(V) and to complex with ligands in both a cryogenic ammonia solution
analogous to IL and DES [5, 6]. Based on the observation of an initial rise in potential upon
applying a current in DES, they concluded that Mo forms an oxide, which is then quickly
attacked by chloride; then, the resulting chloride complex is stabilized by the presence of
hydrogen bond donors in the DES [6]. At high current densities, surface passivation of the Mo
electrode was observed and it was also noted that increasing concentration of free chloride
inhibited Mo dissolution [6]. This means that the dissolution of Mo is kinetically controlled, as
newly formed chloride complexes must be stabilized by HBD or the chlorides will adsorb to the
surface and prevent further dissolution [6]. The anodic dissolution of Mo in reline, glycacine,
and ethaline DESs was studied assuming a five-electron transfer and faradaic efficiencies for
current densities up to 150 mA/cm2 were recorded [6]. The highest faradaic efficiency for Mo
dissolution in ethaline, ~70%, was recorded at 10mA/cm2 while the average efficiency of current
densities higher than 50mA/cm2 was ~30% . In glycacine, the average faradaic efficiency was
roughly 85% over the entire range of current densities while in reline low efficiencies of ~20%
were recorded except at very low current densities such as 5mA/cm2 where an efficiency of
~57% was recorded [6]. The higher faradaic efficiencies for glycacine and ethaline were
attributed to a higher concentration of hydrogen bond donors relative to that of reline.
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Reference Electrodes for Ionic Liquids
A reference electrode establishes a fixed, stable potential relative to which other
potentials can be measured [34]. While aqueous reference electrodes are straightforward to make
and qualify, reference electrodes in ionic liquids have a history of being unreliable. The use of a
quasi-reference electrode, a metal wire directly immersed in solution, is very common in
electrochemical studies involving ionic liquids [35] and is considered a convenience since IL
reference electrodes may be difficult to construct [36]. Yet, quasi-reference electrodes are
considered unstable or unqualified by some because the potential may drift as the bulk
electrolyte changes in composition [37]. However, the potential of pseudo reference electrodes
may drift over time under certain conditions involving large temperature changes or a corrosive
environment because the redox potential changes with the bulk electrolyte [35]. Currently, the
standard for a qualified ionic liquid reference electrode, according to Lawrence Livermore
National Laboratory, “is based on a silver wire in a tube [containing the IL] separated with a
porous frit, which contains a fixed concentration of Ag+ ions (typically 10 or 100 mM). This
Ag/Ag+ RE exhibits excellent stability, with a variation of only 1–8 mV between measurements
made over the course of a few weeks” (Corie Horwood, Michael Stadermann, 2018) [38].
However, this reference electrode must be shielded from light and atmosphere because the Ag+ is
sensitive to light, air, and moisture [38]. Livermore National Laboratory recommends the use of
a newly qualified reference electrode based on a silver-sulfide coated silver wire [38]. Their
findings show significant long-term stability without sensitivity to light or atmosphere. Another
reliable option for ionic liquids or deep eutectic solvents enriched with chloride ion is a simple
silver wire in a fritted compartment, in which the Ag/Ag+ potential has been observed to remain
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stable [7, 39]. This method of constructing a reference electrode seems to be the most
straightforward for experiments in DES.

Summary
The electrorefining process includes anodic dissolution and subsequent electrodeposition.
Anodic dissolution of Mo has been demonstrated in DES, but Mo deposition has not. Mo
deposition has been demonstrated in IL at low current densities, but there are no reports of
anodic dissolution of Mo in IL. However, Mo speciation in DES is not well understood. This
lack of understanding makes prediction of the reduction and oxidation reactions difficult.
Nonetheless, the use of additives to enhance or enable deposition has been demonstrated in ILs
and deposition of Mo in DES may also be enabled with the use of additives. Electrodeposition
of Mo in DES would be significant because it has never been performed before and would be
scalable process, if demonstrated, given the DES benefits of being clean, cheap, available, and
safe. Once electrodeposition and anodic dissolution of Mo are demonstrated in the same DES
system, it should be possible to electrorefine Mo.
The purpose of this work is to investigate DESs as a low cost and environmentally
friendly alternative to ILs and molten salts for electrodeposition and, possibly, the electrorefining
of Mo. The electrochemical behavior of Mo in ethaline DES and the influence of fluoride ion on
the deposition and anodic dissolution of Mo is reported herein to accomplish this purpose. While
there is ample room to optimize deposition and anodic dissolution of Mo in the presence of
fluoride ion, this work is primarily focused on Mo electrodeposition from DES, which does not
appear to have been documented previously in the literature.
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3

Methods, Materials, and Procedures

Materials

3.1.1

Deep Eutectic Solvents
High purity ethylene glycol (99%) with less than 0.5% moisture was obtained from VRW

and choline chloride (99%) was obtained from Fischer Scientific and dried overnight in a
vacuum at approximately 110 °C. After the choline chloride was dry, it became a very light,
loose powder with no caking. The ethaline DES used in this study was formed by stirring a 1:2
molar ratio of choline chloride to ethylene glycol together at approximately 80 °C for an hour.
The ethaline became a clear liquid at approximately 60 °C while the hot plate heated up. After
the ethaline cooled, it remained a clear liquid at room temperature.

3.1.2

Additives
MoCl5 (99.6%) was purchased from Alfa Aesar. KF and LiF (≥99%) were obtained from

Sigma Aldrich and were placed in a vacuum furnace overnight at 150 °C to remove moisture. All
chemicals were stored in the glovebox to avoid exposure to oxygen and moisture.
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3.1.3

Electrodes
Non-aqueous Ag reference electrodes, which consisted of a silver wire in a glass body with

a VYCOR plugged tip, were obtained from CH Instruments Inc. The glass compartment of the
electrode was filled with ethaline using a narrow-gauge needle. The isolation of the wire from
the bulk electrolyte prevented the potential of the reference electrode from changing in
experiments where the bulk electrolyte would change in concentration. This type of electrode has
been shown to be stable in numerous DES studies [7, 39] and avoids unnecessary risk of
contamination associated with the use of silver salts. Moreover, light sensitivity is not an issue
with this type of reference electrode. Between each experiment, this DES would be replaced with
fresh DES and the whole electrode assembly was submerged in a vial of clean DES. This
prevented the DES from crystallizing and cracking the VYCOR plug and prevented
contamination of the VYCOR plug with electrolyte from previous experiments.
Ni plate electrodes (>99%) were obtained from MiniScience, located in Clifton, New
Jersey, and were cut to a width of 10mm and had a thickness of 0.5mm. Mo plate (99.96%) was
ordered from Ochoos, a distributor in China, and was cut to a width of 10mm and had a thickness
of 2mm. Pt foil (99.95%) with a thickness of 0.004mm was obtained from Surepure Chemetals,
located in Florham Park, New Jersey, and cut to approximately 5mm in width. All electrodes
were submerged at approximately 1cm. Exact electrode measurements were taken with use of a
digital caliper and used to calculate current density for each individual experiment.
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Equipment and Procedures

3.2.1

Glove Box
Given the hygroscopic nature of DES, a VAC HE-63-P Pedatrol glovebox was entirely

refurbished for this study. This was done by removing every port and bulkhead and either
replacing the corroded gaskets or sealing them off with epoxy. Bulkheads were additionally
protected against leakage with silicone caulk. Nitrogen was used to purge the glove box and was
supplied by a 20 psi ¼” line. Three purge cycles of vacuum followed by refill were used in
passing any items into the glovebox through the antechamber. An aged roughing pump was used
to pull vacuum on the antechamber and initially broke several times but was repaired and
maintained throughout the study. A cold trap was also installed in the vacuum line between the
antechamber and vacuum so that moisture collected by the catalyst could be cooked off and
captured before entering the vacuum. The catalyst found with the glovebox was effective at
removing residual air and moisture as shown by an oxygen sensor which indicated 0-5 ppm over
several weeks. To maintain the low oxygen content in the box, the catalyst was regenerated
regularly with a purge cycle. During the purge cycle, a 35psi line of 2.9% hydrogen in argon
carrier was passed through the catalyst after two or three hours of heating. The glovebox is
shown below in Figure 3-1.
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Figure 3-1: An image of the glovebox used to conduct experiments under nitrogen atmosphere.
Catalyst is on the far left and the antechamber is on the far right.

3.2.2

Three-Electrode Cell
The three-electrode cell is a simple arrangement that consists of a working electrode,

counter (auxiliary) electrode, and reference electrode. The working electrode is the electrode to
which a potential is applied to during potential controlled experiments or observed from during
current controlled experiments. A reference electrode provides a stable potential that can be used
to measure the individual half-cell potentials of the working and counter electrode. An
illustration of the three-electrode cell used in this work is shown in Figure 3-2.
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Potentiostat
CE

WE

RE

Figure 3-2: Illustration of a three-electrode cell with working electrode (WE) on the left,
reference electrode in the center (RE), and counter electrode (CE) on the right. All three
electrodes are connected to a potentiostat.

The typical cell used in this work consisted of a 10mL Pyrex beaker to which 5mL of
DES was added. Electrodes were separated by 1cm. The cap for the cell was 3D printed with
PLA and held the electrodes in place. The electrodes were connected to the potentiostat by
running wires into the glovebox, through a fixed terminal, and clipping alligator clips directly
onto electrodes. A hot plate was used to heat up the cell and provided a steady temperature of 80
± 2 °C. A small Teflon stir bar could be placed at the bottom of the cell to stir the cell if desired.

3.2.3

Scanning Electron Microscope (SEM)
Deposit morphology in this work was imaged with a scanning electron microscope Apreo

C Low-Vacuum SEM. A Helios Nanolab 600 FEI microscope was used to image thin deposits
that had been milled with an ion beam (Tomahawk™ ion column) to produce cross sections.
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3.2.4

Energy-Dispersive X-Ray Spectroscopy (EDX)
Energy-dispersive X-ray spectroscopy (EDX) was used with the electron microscopes to

measure sample compositions and to provide elemental maps.

3.2.5

Cross Sections
For thin deposits, cross sectioning was completed on a Helios Nanolab 600 FEI

microscope with a gallium ion beam (Tomahawk™ ion column). For thicker deposits, cross
sections were obtained by first casting the deposit in Parbond 5105 epoxy and then crosssectioning the deposit with a low-speed IsoMet 1000 diamond saw (Buehler). The cross sections
obtained were then imaged with an optical microscope at 200x (Carl Zeis Axio Vert. A1).

Electrochemical Techniques
An SP240 Bio-Logic potentiostat was used for all electrochemical experiments, which included
CV, LSV, chronopotentiometry and chronoamperometry. CVs and LSVs were initiated at the
OCV of the working electrode. All potentials were measured and are reported relative to the Ag
reference electrode described in Section 3.1.3.

3.3.1

Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV)
Linear sweep voltammetry (LSV) is a simple electrochemical method where the voltage

is changed linearly with time in one direction. As the LSV progresses, current will increase as
reactions start to occur. This is useful in determining the potential limits of an electrolyte.
Cyclic Voltammetry (CV) is a more advanced electroanalytical technique than LSV and
is used to characterize the kinetic and transport properties of the system. By linearly ramping the
potential in one direction and then reversing it in the other, a cyclic voltammogram can be made
22

by plotting the response of the current against the potential. These voltammograms can be used
to quickly obtain information on the system’s kinetic, transport, and capacitive behavior.

3.3.2

Chronoamperometry and Chronopotentiometry
Chronoamperometry is application of a constant potential whereas chronopotentiometry

is the application of a constant current. Chronoamperometry allows the potential to be set. As the
reactant is consumed at a set potential, current will decrease. However, chronopotentiometry sets
a current and the potential changes to supply the set current with any available reaction. This
means that if a species of a reaction is consumed or mass transfer limited, the potential will drift
to the next available reaction, which may be solution degradation or some other undesired
reaction. By using chronoamperometry, undesired reactions can be avoided by using a known
reaction potential.

3.3.3

Electrical Impedance Spectroscopy (EIS)
Electrical impedance spectroscopy (EIS) was briefly used in this work to measure the

ohmic resistance of an electrolyte. EIS is the application of a sinusoidal potential in order to
measure the response of the current and then determine impedances within the system—usually
by fitting the response to an equivalent circuit. The first resistance in a simple equivalent circuit
is the ohmic resistance of the electrolyte. From the ohmic resistance, the conductivity of the
electrolyte can be calculated if the distance between the two electrodes L and the electrode area A
are known as shown in Equation (3-1).

𝑅𝑅Ω =

𝐿𝐿
𝜅𝜅𝜅𝜅

23

(3-1)

3.3.4

Potential Pulse Modulation
Pulsing the current is a technique used to improve physical characteristics of a deposit

such as morphology or adhesion. The simplest modulation technique is made by applying an
on/off frequency. The duty cycle defines the percentage of time which current is being applied
for the desired reaction. This is found by dividing the duration where current is being applied
(𝑡𝑡𝑜𝑜𝑜𝑜 ) by the total time, which is the sum of the duration of time where current is being applied and when

no current is being applied (𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 ) as is shown in Equation (3-2).
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) =

𝑡𝑡𝑜𝑜𝑜𝑜
× 100
𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

(3-2)

The product of the pulsed current density (𝑖𝑖𝑝𝑝 ) and the duty cycle gives the average current (𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 )

in an on/off modulation technique as shown in Equation (3-3).
𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑖𝑖𝑝𝑝 𝑡𝑡𝑜𝑜𝑜𝑜
𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

(3-3)

The second modulation technique is called pulse reverse current (PRC) and is discussed within
the body of this work. This method consists of passing a pulse of current followed by a shorter
pulse of a reversed current. The reversed, or negative, current passed must not exceed the total
current passed or net oxidation will occur. The average current density for PRC incorporates the
time where the reversal, or negative, current is applied (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 ), the reversal current (𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟 ), and the

on current (𝑖𝑖𝑜𝑜𝑜𝑜 ) in addition to the time of the forward current (𝑡𝑡𝑜𝑜𝑜𝑜 ) as shown in Equation (3-4).
𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑖𝑖𝑜𝑜𝑜𝑜 𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
𝑡𝑡𝑜𝑜𝑜𝑜 + 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟

(3-4)

PRC was used in this work to test if surface blocking phenomena or depletion of cations in the
double layer [40] were challenges to Mo deposition.
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3.3.5

Faradaic Efficiency
Faradaic efficiency is the fraction of total current that drives the desired reaction [34]. If

the faradaic efficiency of a reaction is not at 100%, some of the charge has gone to a side
reaction. The expected mass change can be calculated with Faraday’s law in the form of
Equation (3-5) where Q is the total charge, MW is the molecular weight of the active species, n is
the number of electrons transferred per mole during the reaction, and F is Faraday’s constant.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝑑𝑑 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑄𝑄𝑄𝑄𝑄𝑄
𝑛𝑛𝑛𝑛

(3-5)

Knowing the expected change in mass if all the coulombs supplied went to the desired reaction,
the faradaic efficiency can be calculated by dividing the observed change in mass by the
expected change in mass [34].
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4

Results and Discussion

Ethaline Electrochemical Window
To establish the electrochemical limits of ethaline, background scans were performed
with use of platinum foil working and counter electrodes at room temperature and at 80 °C. The
results are shown in Figure 4-1.

Current Density (mA/cm2)

1.0
0.5
0.0
22.5 °C

-0.5
-1.0

80 °C
-1.0

-0.5

0.0
0.5
Potential vs. Ag (V)

1.0

1.5

Figure 4-1: CV of ethaline background taken at 80 °C and 10mV/s, shown as a dotted red line,
and 22.5 °C, shown as a solid black line.

The electrochemical window of ethaline can be seen to diminish with increased temperature, as
reported in literature [41, 42]. The cathodic limit of the electrolyte at 80 °C is dependent on the
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electrode material, as shown in Figure 4-2. Both the Ni and Mo electrodes are oxidized as the
potential is scanned in the anodic direction.

Current Density (mA/cm2)

1.0
0.5
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Pt Foil
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-1.0

-1.0

-0.5

0.0
0.5
Potential vs. Ag (V)

1.0

1.5

Figure 4-2: CV of ethaline background taken at 80 °C and at 10 mV/s against Pt foil (solid black
line), Ni plate (dotted red line), and Mo plate (solid green line). To avoid oxidizing Ni, only the
reducing half of the CV was taken. Mo oxidation is shown to start around 0.8V. The cathodic
limit is smallest against Pt at 80 °C.

The earlier onset of cathodic solution degradation on the Pt electrode at approximately -0.6V vs
Ag may indicate that choline decomposition [42] is facilitated by Pt at this temperature.
However, the kinetics of the decomposition reaction at the cathode have been shown to be slower
on metals other than Pt in DES. In reline, a similar choline-based DES, no significant solution
decomposition occurred above -2V vs Ag on Zn in reline, where the onset of current was
recorded at 1.2V vs Ag on Pt [39]. The rate of the cathodic decomposition of ethaline appears to
be slower on Ni and Mo electrodes than on Pt. At 80 °C, the onset of the solution degradation on
Ni and Mo was observed at -0.8V and -0.9V vs. Ag, in contrast to -0.6V vs. Ag on Pt, as shown
in Figure 4-2. Compared to the cathodic limit of approximately -1V vs. Ag observed at room
temperature on Pt [43], the cathodic window at 80 °C is only compromised by roughly 0.2V and
0.1V on Ni and Mo respectively.
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Electrochemical and Transport Behavior of MoCl5 in Ethaline
The electrochemical behavior of Mo in ethaline was next investigated with use of cyclic
voltammetry. This was done by adding MoCl5 to obtain a concentration of 50mM and then
scanning in the anodic direction at a scan rate of 10mV/s starting at the OCV. The first two
cycles of the voltage scans, taken with Mo plate electrodes, are shown below in Figure 4-3.

Current Density (mA/cm2)

2.0
1.0
0.0

-1.0

First Cycle

-2.0
-3.0

Second Cycle
-1.0

-0.5

0.0
Potential vs. Ag (V)

0.5

1.0

Figure 4-3: CV taken on a Mo plate electrode at 10mV/s in ethaline starting at OCV after adding
MoCl5 to obtain a concentration of 50mM. The first cycle, shown as a solid black line, shows
that the oxidation peak is not present. The second cycle, shown as a red dotted line, shows that
the reduced species is generated at the electrode surface after the first cycle.

The first cycle, scanned initially in the anodic direction, shows only a small oxidation peak.
Since further oxidation of Mo(V) is not likely, this peak is probably due to oxidation of a soluble
Mo species formed by the reduction of Mo(V) in solution as a result of a corrosion reaction prior
to initiation of the scan. We have observed etching of Mo and Cu electrodes if left overnight in
ethaline that contains Mo(V). The large cathodic peak is due to the reduction of Mo(V). The
product of the Mo(V) reduction is likely Mo(III), which is oxidized during the anodic scan of the
second cycle. The large oxidation peak observed during the second cycle is the principal
difference between the two cycles.
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To further investigate the electrochemical and transport behavior of Mo in ethaline,
voltammograms were taken at scan rates ranging from 10 mV/s to 250 mV/s on a Mo plate
electrode in 50mM of MoCl5, as shown in Figure 4-4.
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Figure 4-4: Scans of Ethaline with 50mM of MoCl5 on Mo plate electrode. Shown here are 10,
25, 50, 75, 100, 150, 200 mV/s.

The observed peak separation is significantly greater than the expected peak separation for a
reversible reaction of 57mV/n where n is the number of electrons transferred [34]. Quasireversible kinetic behavior is not uncommon in a DES, as seen with the Cr(III)/Cr(II) couple in
ethaline [44]. Using quasi-reversible kinetics to analyze the voltammograms, Equation (4-1),
shown here,

𝐸𝐸𝑝𝑝 − 𝐸𝐸 0 = −

𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅
αnD𝐹𝐹
�𝑙𝑙𝑙𝑙√𝑣𝑣� −
�0.78 − 𝑙𝑙𝑙𝑙𝑘𝑘𝑠𝑠 + 𝑙𝑙𝑙𝑙�
�
αn𝐹𝐹
αn𝐹𝐹
𝑅𝑅𝑅𝑅

(4-1)

gives the difference between the peak potential (𝐸𝐸𝑝𝑝 ) and the formal standard electrode potential
(𝐸𝐸 0 ) as a function of the scan rate (𝑣𝑣), temperature (T), transfer coefficient (α), number of
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electrons. transferred (n), diffusion coefficient (D) and the standard rate constant (𝑘𝑘𝑠𝑠 ) [45]. This

equation allows for straightforward determination of αn from the slope of a line that results from
plotting Ep vs. ln √v as shown in Figure 4-5.
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Figure 4-5: Linear relationship of the peak potential and the natural logarithm of the square
root of the scan rate

Once 𝛼𝛼𝛼𝛼 is known, Equation (4-2), known as the Delahay equation, can be used to

determine the diffusivity for a quasi-reversible system with use of the analyte concentration (C0)
and the measured peak current density (𝑖𝑖𝑝𝑝 ) [45].

𝑖𝑖𝑝𝑝 = 0.280𝐹𝐹𝐶𝐶0 �𝜋𝜋

αnD𝐹𝐹
𝑣𝑣
𝑅𝑅𝑅𝑅

(4-2)

The analysis yielded a value of 0.57 for αn and an estimated diffusion coefficient of 8.53 × 10-6
cm2/s based on a minimization of the SSE between the measured peak current densities and the
predicted peak current densities from Equation (4-2) for the various recorded scan rates.
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Reported transfer coefficients in DES are often in the range of 0.3-0.49 [44]. For a species such
as Mo(V) that undergoes a two-electron reduction reaction (n=2), this analysis yields a transfer
coefficient of 0.29, which is close to the range reported in the literature. In contrast, assumption
of a single electron reaction results in a transfer coefficient significantly larger than the reported
range. The calculated diffusion coefficient is somewhat lower than the value of 1.21 × 10-5
reported for Cr(III) in ethaline at 70 °C [44], a similar system. The values for the diffusion
coefficient and the transfer coefficient, as well as the qualitative understanding gained, can be
used to provide insight into the behavior of the system during deposition experiments.

4.2.1

Deposition Attempts with MoCl5 Only
After investigating the electrochemical behavior of Mo in ethaline with CV, various

attempts to deposit Mo were made. Both potentiostatic and galvanostatic experiments failed to
produce a deposit within the potential limits of the electrolyte at room temperature and 80 °C.
Cu, Ni, Pt, Ag, and Mo substrate materials were tested, yet no deposit was formed on any of
these materials. Stirring led to a slight increase in current density, but no deposit. The solution
would turn a dark black color after any significant current was applied at low voltage (-0.6V to 0.9V). While it is possible that Mo may have been completely reduced but did not adhere to the
surface, filtration of the solution yielded no solid. To help avoid the possible influence of a
surface inhibition layer or complications due to mass transfer limitations, pulse reverse current
(PRC) was employed. The average current density during PRC was set below the estimated mass
transfer limited current density. A short anodic current pulse of smaller magnitude was applied
between pulses of reducing current in an attempt to reverse processes that may slow or prevent
deposition [40]. However, the experiments with PRC also failed to produce a deposit.
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Since no indication of deposition was found for experiments performed within the
electrolyte window, a more aggressive experiment was attempted. This experiment was
performed galvanostatically at a current density of 3.33mA/cm2 and a relatively high
concentration of MoCl5 (415mM). It was anticipated that the potential would shift negatively
with time and, hopefully, reach a value that would produce a Mo deposit. Both electrodes in this
experiment were Mo. The total charge passed was 421mAh and the average potential measured
during the experiment was -2.18V vs. Ag. Interestingly, the experiment led to precipitation of a
red powder as shown in Figure 4-6 (a) and (b).

(a)

(b)

Figure 4-6: MoCl3 precipitate determined to be 25.96 atomic% Mo and 74.04 atomic% Cl with
~5% error via EDX analysis. The precipitate in solution (a) and after rinsing (b).

This precipitate was filtered, rinsed with ethanol, and analyzed with EDX. The resulting
composition was 25.96 atomic% Mo and 74.04 atomic% Cl, which corresponds to MoCl3. No
metal deposition was observed. These results are consistent with the reduction of Mo(V) to
Mo(III), and it is possible that electrolyte degradation in this experiment may have lowered the
solubility of the Mo species in the DES. Only about 13% of the Mo originally in solution was
recovered as a precipitate. In addition, based on the mass loss of the electrode, an unusually low
faradaic efficiency of approximately 6% was observed for Mo dissolution at the anode. The
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expected efficiency for Mo dissolution is 40-50% based on literature [6] and our own
experiments reported below for an anode potential operating in a voltage range from 1.2V to
1.3V vs. Ag as observed for this experiment.
Additional galvanostatic experiments were performed to examine the cause of the low
faradaic efficiency of the anode in this experiment. Mo dissolution was examined at 5mA/cm2
while stirring with an electrolyte consisting of the DES containing MoCl5 at a concentration of
100mM. The calculated faradaic efficiency based on the mass loss of the Mo electrode was
2.8% after passing a charge of 50mAh. This experiment was repeated under identical conditions,
but without the of MoCl5 to the solution. After a total charge of 50mAh was passed, the faradaic
efficiency based on the mass loss of the Mo plate was 33.5%, much higher than that of the
previous experiment. Also, the potential of the anode dropped from ~1.6V vs. Ag when no Mo
was present to ~1.4V vs. Ag when 100mM MoCl5 was present. The lower faradaic efficiency
and lower potential observed when MoCl5 was added indicate that an oxidation reaction
involving a Mo species may be in direct competition with anodic dissolution of the Mo electrode.
Since further oxidation of Mo(V) is not likely, the drop in efficiency in the presence of MoCl5 is
evidence for a shuttling reaction or chemical short where Mo(V) is reduced to Mo(III) at the
cathode and reoxidized at the anode. Charge shuttling occurring between two oxidation states of
Mo would also hinder the ability of Mo to deposit.
The results of the above experiments are consistent with reduction of Mo(V) to Mo(III) at
the cathode. These results include the presence of MoCl3 precipitate after prolonged reduction,
the magnitude of the transfer coefficient that indicates a two-electron reaction, the change in
faradaic efficiency of the anode due to oxidation of a soluble Mo species that served to shuttle
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current, and the absence of Mo metal deposition over a wide range of conditions. Thus, some
means of altering the system is needed to enable Mo deposition.

Change of Speciation with Fluoride Ion
As described in the previous section, metal deposition was not observed from ethaline
solutions to which MoCl5 had been added. Since chloride-complexed Mo did not deposit out of
DES, the introduction of another anion, fluoride, was tested. A change in the color of the solution
was observed when either LiF or KF was added to ethaline containing MoCl5, as shown in
Figure 4-7. Each of these fluoride salts was added separately at a 5:1 molar ratio of fluoride ions
to Mo cations. The gradual color change was not observed at molar ratios lower than 5:1. Change
in color in an ionic liquid or DES often indicates a change in coordination around the metal ion
center [46]. Partial or complete substitution of chloride ions with fluoride ions has the potential
to influence Mo reduction and, hence, the possibility of Mo metal deposition. In contrast to the
fluoride salts, no significant change in color was observed with the addition of either LiCl or
KCl, or when the fluoride salts were added to ethaline that did not contain Mo ions.

(a)

(b)

Figure 4-7: (a) Green color observed with the addition of 100 mM MoCl5 to ethaline. (b) Color
observed after adding a 5:1 molar ratio of KF to MoCl5 in ethaline.

Further evidence for a change in Mo speciation is shown by the change in electrochemical
behavior observed for voltage scans taken at different fluoride concentrations, as shown in
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Figure 4-8. This figure shows a gradual decrease in the peak current of the reduction peak at
approximately 0.01V, which is associated with reduction to Mo(III), and the appearance of a new
reduction peak at approximately -0.8V as the fluoride ion concentration is increased.
Interestingly, the new peak appears to be more prominent at a 3:1 ratio of fluoride ions to Mo
ions, indicating that the reduction of a fluoro-chloro complex may contribute to the new peak.
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-1.5
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Figure 4-8: CV with an initial MoCl5 concentration of 146mM taken at 10 mV/s. The original
reduction peak disappears with an increasing ratio of KF to MoCl5 and another peak appears
around 0.8V.

Upon determining that the introduction of fluoride ions influenced the speciation and,
consequently, the electrochemical behavior of the Mo species, the next step was to determine if
the fluoride-ion addition affects Mo deposition in ethaline.

Mo Deposition in DES Facilitated By Fluoride Ion
Given the observed difference in the electrochemical behavior for the voltage scans at
different fluoride concentrations, experiments were designed to examine the potential for Mo
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deposition in the presence of either LiF or KF. All deposition experiments were performed on
Ni substrates that had been prepared by sanding with 600 grit aluminum oxide sandpaper,
followed by cleaning and degreasing in 0.1M HCl and then ethanol. An SEM image of the Ni
substrate before deposition is shown in Figure 4-9.

Figure 4-9: SEM image of the Ni plate electrode used as the substrate for Mo deposition, shown
at 1000x magnification.
4.4.1

Deposits Made in the Presence of KF
Experiments were performed in KF-containing solutions to examine the possibility of Mo

deposit formation. Figure 4-10 shows an SEM image of a deposit formed from an ethaline
solution containing 100 mM of MoCl5 and 300 mM of KF by applying a constant voltage of 0.8V vs. Ag. A total charge of 69.5mAh was passed. The resulting deposit exhibited poor
adherence and readily peeled off from portions of the surface when rinsed with ethanol. The
faradaic efficiency for deposition in the presence of KF based on the deposit mass after rinsing in
ethanol, assuming n=5 was consistently low, around 1-3%. The low efficiency is likely due to
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the poor adhesion of the deposit and the possibility of a chemical shuttle involving oxidation and
reduction of soluble species without deposition.

Figure 4-10: SEM image of the EDX Mo Map shown in Figure 4-11. This deposit was formed
with a 3:1 ratio of KF to MoCl5 and an MoCl5 concentration of 100mM.
The SEM image of the deposit shows significant surface topology as a result of 3D growth.
Cracking of the deposit sublayer was also observed. An EDX Mo map, shown in Figure 4-11,
confirms the presence of Mo on the surface, which is especially pronounced in the nodules
formed during deposition. The darker areas between nodules reflects the presence of salt on the
surface between the nodules and the lack of counts due to the incidence of the X-ray source on
the 3D growths.
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Figure 4-11: EDX Mo map of a deposit made in the presence of KF in ethaline on Ni substrate.
Upon rinsing with deionized water, the deposit was observed to change from a powder black
deposit to a dark gray layer. An EDX point spectrum of the rinsed deposit is shown below in
Figure 4-12.

Ni

Mo
O

Figure 4-12: EDX point spectrum of deposit produced in the presence of KF after rinsing with
ethanol and deionized water.
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Cross sections for the deposit shown in Figure 4-10 were obtained by ion milling and are shown
below in Figure 4-13. The thickness of the deposit cross sections measured between nodules
ranged from 1.4 to 2.3 μm as shown in the figure. Figure 4-13 (b) shows delamination of the
deposit from the nickel substrate.

(a)

(b)

Figure 4-13: (a) Shows an adhered section of the deposit whereas (b) shows evidence of
delamination near a crack in the deposit surface.

4.4.2

Deposits Made in the Presence of LiF
Deposits were also formed in the presence of LiF instead of KF at a potential of -0.6 V

vs. Ag; a total charge of 19.1 mAh was passed. The initial concentration of MoCl5 was 60mM
and the initial concentration of LiF was 360mM. The faradaic efficiency based on the mass of
the deposit was 44%. The morphology of deposits formed with LiF was significantly different,
although the formation of nodules, smaller than those formed in the presence of KF, was still
observed in some areas as seen in Figure 4-14a. X-ray analysis of the surface showed more
fluorine than was observed for the deposits formed in the presence of KF. Li, however, cannot
be detected by EDX. LiF is not soluble in either ethanol or water, and therefore remains on the
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surface. The LiF salt can be seen dispersed over the surfaces shown in Figure 4-14a and Figure
4-14b. Localized charging due to salt particles is clearly evident in Figure 4-14a.

(a)

(b)

Figure 4-14: SEM image of two different regions of the same deposit. More pronounced nodule
growth is seen in (a). The region used to obtain the EDX Mo Map in Figure 4-15 is shown in (b).
The EDX Mo map of the deposit made in the presence of LiF is shown in Figure 4-15.

Figure 4-15: EDX Mo map of a deposit made in the presence of LiF

The deposits formed in the presence of LiF adhered more strongly to the surface and were
considerably thicker. Therefore, it was possible to cast the deposits in epoxy and cross-section
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them with use of a low-speed diamond saw. Examples of such cross sections are shown in the
optical microscope images of Figure 4-16. Note that the deposits were not polished after cutting
and show some residual grooving and distortion due to the cutting process. Even so, the deposit
is clearly visible in the images. Measured deposit thicknesses varied between 10μm and 35μm.

(a)

(b)

Figure 4-16: (a) Shows cross section of a Mo deposit formed in the presence of LiF that is
approximately uniform at around 10-12 μm thick on the right side of the electrode whereas (b)
shows a nonuniform deposit formed in the presence of LiF which varied from 10-35 μm in
thickness.
The above results clearly show that deposit morphology and thickness depend on the cation of
the fluoride salt added to the system. Deposits produced in the presence of LiF were thicker and
better adhered than those produced with KF. Moreover, the faradaic efficiency, based on the
deposit mass, was higher for Mo deposition in the presence of LiF.

4.4.3

Cation Effect on Mo Deposition
As mentioned above, no difference in the color of a Mo-containing solution was observed

upon the addition of LiCl or KCl instead of their respective fluoride salt. This observation was
used to support the influence of the fluoride ion on Mo speciation in solution. However, given
the impact of the cation on deposit morphology and adhesion, additional experiments were
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performed with LiCl and KCl to determine if the structure of Mo in solution was indeed critical
to deposition, or if the observed change in deposition behavior was due primarily to cation
effects. The addition of the chloride salts had little effect on the voltage scans (see
Supplementary Information). These results confirm the critical role of Mo speciation in solution
on deposition behavior. Specifically, in this system, deposition was possible because of the
formation of fluoride or mixed fluoride-containing (e.g., fluoride-chloride) complexes with Mo
in solution.
The exact influence of the Li+ and K+ cations is not well-understood, but is not without
precedent. For example, a cation effect on deposition and deposit morphology has been
described for ionic liquids [47]. The presence of cations such as Li+ can significantly alter
charge distribution at the interface and thereby influence deposition [14]. The presence of
smaller cations will likely reduce the adsorption of sterically large choline cations that have been
observed by PM-IRRA spectroelectrochemistry to adsorb onto the electrode surface, changing
access to the surface [48]. Interaction between the alkali metal cations and the ligands of the Mo
complex may also influence deposition by changing, for instance, the ability of the Mo complex
to shed anions as Mo undergoes reduction at the electrode surface.

Anodic Dissolution of Mo in DES
The anodic dissolution of Mo in ethaline has been examined in the literature [6]. In
general, deep eutectic solvents facilitate anodic dissolution and increase the solubility of the
dissolved metal cation by effectively complexing the cations. This complexation can make
deposition difficult, as was reported above for Mo in ethaline without the addition of fluoride.
Given the impact of fluoride on Mo speciation and deposition, it is important to evaluate its
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influence on anodic dissolution, which is essential for electrochemical processes such as
electrorefining. LSV was used to determine the oxidation behavior as shown in Figure 4-17. Mo
plate electrode was used in both ethaline and ethaline containing 200mM KF. Use of a Mo
electrode resulted in a significant rise in current due to Mo oxidation at about 0.9V in both
solutions, which were scanned at a rate of 10mV/s. The addition of KF to a concentration of
200mM did not cause a significant difference in the oxidation of Mo, indicating fluoride ion does
not deter the oxidation of Mo in ethaline.
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Figure 4-17: LSV comparison of Mo plate electrode in ethaline (dotted red line) vs a Mo plate
electrode in ethaline with 200mM KF (black line) taken at 10mV/s. For reference, the anodic
limit of ethaline is approximately 1.3V at room temperature, but is narrowed to approximately
1.2V at 80 °C as can be seen in Figure 4-2.

4.5.1

Mo Oxidation in a Chloride-Free Electrolyte

In order to further explore the anodic dissolution of Mo in the presence of fluorides, a new
chloride-free electrolyte was made by adding KF to ethylene glycol. The conductivity of this
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electrolyte was determined with EIS and is shown as a function of KF concentration in Figure
4-18.
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Figure 4-18: Conductivity of ethylene glycol and KF at 80°C.

With this chloride-free electrolyte, a constant anodic potential of 1.2V was applied to a Mo plate,
resulting in an average current density of 5.2 mA/cm2. The anodic dissolution proceeded with a
faradaic efficiency of 63.2% based on the measured decrease of the electrode mass and assuming
Mo(V) was the oxidized species. This efficiency is comparable to values reported for Mo
oxidation in ethaline for the same current density range in literature [6]. The efficiency is likely
impacted negatively by shuttling of soluble Mo species back and forth between the electrodes.
The solution turned a peach/amber color, similar to what was seen in Figure 4-7b with KF added
to MoCl5 in ethaline. A CV was taken before and after anodic oxidation and a comparison is
shown in Figure 4-19, where an inert counter electrode was used. The CVs were initiated at the
OCV vs. Ag reference and swept initially in the cathodic direction to detect oxidized species in
solution.
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Figure 4-19: A baseline scan of the EG-KF (1M KF) was taken and shown as the red dotted
scan. Based on mass loss, the system contains 79mM of Mo ion due to the anodic dissolution of
the Mo anode. The CV of the system with the dissolved Mo is shown as a solid black line. Both
scans were taken at 10mV/s on Mo plate electrode.

It is evident from this CV that the Mo introduced into this fluoride-based electrolyte has either
two oxidation states or reduces in a multistep mechanism. It is possible that the second reduction
peak, seen as a subtle peak at approximately -0.7V, is the complete reduction of Mo and the first
reduction peak, at approximately -0.03V, is associated with reduction from Mo(V) to Mo(III).
However, this was not confirmed, and no deposit was formed likely due to the low Mo
concentration. For future work, speciation data on Mo in fluoride-based IL and DES should be
collected and a more thorough investigation of the electrochemical behavior of Mo-fluoride
complexes should be undertaken.
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5

Conclusions

In order to assess the potential for ethaline to be used in the electrorefining of Mo, this
work investigates the deposition of Mo in ethaline. While the anodic dissolution of Mo has been
previously documented [6], a method for depositing Mo in ethaline is reported here for the first
time.
The electrochemical and transport behavior of MoCl5 in ethaline were first investigated
with cyclic voltammetry. The kinetic behavior of MoCl5 was determined to be quasi-reversible
due to the large peak separation as shown in Figure 4-4. A transfer coefficient of 0.29,
determined assuming a two-electron transfer, was found to be similar in value to transfer
coefficients recorded in ethaline for Cr(III), a similar system [44]. Based on literature findings,
Mo(V) is the stable species in DES [6, 28] and it is likely that MoCl5 remains as Mo(V) when
dissolved in ethaline; the reduced species is Mo(III). A diffusion coefficient of 8.53 × 10-6 cm2/s
was also determined and found to be comparable to values of Cr(III) in ethaline, an analogous
system [44].
To determine if further reduction from Mo(III) was possible, constant potential and
constant current experiments were performed. However, a deposit was not formed within the
electrochemical window of the electrolyte. Pulse reverse current was also tested to determine if
surface blocking phenomena or mass transfer limitations were inhibiting deposition. No deposit
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was formed with this method either. Finally, as a means of exploring the deposition of Mo
outside the electrolyte’s cathodic limit, a prolonged constant current experiment was employed.
Again, deposition was not observed. Despite the absence of a deposit, additional evidence for the
reduction product of Mo(III) was found when MoCl3 precipitate formed.
Further evidence for the inability of chloride-coordinated Mo to deposit in ethaline was
shown in constant current experiments that compared the faradaic efficiency of Mo dissolution
with and without Mo(IV) in solution. A significantly lower faradaic efficiency and lower anodic
potential were observed with Mo in solution, consistent with the shuttling of soluble
molybdenum species between the electrodes. This “chemical short” reduced the faradaic
efficiency and the likelihood of Mo deposition in ethaline. Hence, an alteration of the system
was needed if Mo deposition was to be accomplished in ethaline.
Molten salt and ionic liquid literature indicated that Mo deposition was facilitated by
fluoride ion [2-4, 11, 49]. To test if the same holds true in DES, fluoride ions were introduced
into the system as KF and LiF. A change in electrochemical behavior, as determined with cyclic
voltammetry, showed that a change in Mo speciation was accomplished in the presence of
fluoride ion. As such, the reduction behavior of Mo was altered, and deposits were formed on Ni
substrates. Rinsing the deposit made in the presence of KF with deionized water left only Mo
and some residual oxygen. Thus, the Mo deposits reported herein are the first produced in a DES
to our knowledge.
After Mo deposition was accomplished in the presence of fluoride salts, the effect of
fluoride ion on the anodic dissolution of Mo was investigated—as both the dissolution and
deposition of Mo are critical steps in electrorefining. Ethaline with dissolved KF showed no
significant difference in the oxidation current from that observed for Mo in ethaline without
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added fluoride, indicating that the anodic dissolution of Mo was not negatively impacted by the
addition of fluoride ions. Additionally, an electrolyte without any chlorides was made with
ethylene glycol and KF. This electrolyte showed that Mo dissolution occurred at approximately
the same or greater faradaic efficiency than what has been reported in ethaline in previous
literature [6].
Both deposition and anodic dissolution of Mo have been accomplished in DES,
indicating that electrorefining Mo is plausible within DES. Yet, salt contamination on the deposit
surface and the low faradaic efficiency of Mo deposition show that the process is not fully
understood or optimized. Thus, future work should include a study of Mo speciation in DES to
provide a better mechanistic understanding of the reduction reaction. This understanding would
allow the Mo complex to be tuned such that charge shuttling is reduced or avoided and efficiency
of deposition is increased. The use of choline fluoride, which is difficult to obtain but may be
synthesized from choline bromide and HF [50], would also provide a way to make a fluoridebased DES, which would have similar conductivity to ethaline while removing the need to add
salts that contaminate the electrode surface. A DES with only fluoride anions, and high
conductivity, would hopefully facilitate the deposition of Mo in a more straightforward manner
so its recovery in an electrorefining process would also be straightforward. While the cathodic
limit of the DES may have contributed to reduced efficiency of Mo deposition, exchange
membranes for application in DESs should also be investigated to minimize the effect of charge
shuttling. Once the challenges of salt contamination and low efficiency are managed,
electrorefining experiments should be performed to demonstrate the ability to purify Mo from a
mixed metal anode. Codeposition of Mo with other metals, which has been documented in past
studies [7, 8], also poses a challenge as the codeposition behavior of Mo in the presence of
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fluoride ion is not known. As such, the electrochemical behavior of other metals of interest to the
process of Mo electrorefining should be studied in the presence of fluoride ion and Mo.
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Appendix A. SUPPLEMENTARY INFORMATION

CVs of Chloride Salts
In order to examine the effect of the cation on the electrochemical behavior of Mo, LiCl
and KCl were used as chloride analogs to LiF and KF. By keeping the anion of the salt the same
as the anion of the electrolyte, the effect of the cation could be studied independent of the
fluoride anion. LiCl (99.95%) was obtained from ChemCenter and KCl (99%) was obtained
from Avantor. Both chloride salts were heated to 110 °C and kept under vacuum overnight to
remove moisture.
The effect of LiCl on the electrochemical behavior of Mo in ethaline was first tested. A
CV was taken first of 100mM MoCl5 followed by a CV of 100mM MoCl5 and 300mM KF. Both
CVs were taken with a Mo plate working electrode and a Mo plate counter electrode at 10mV/s.
The resulting CVs are shown in Figure A-1.

Current Density (mA/cm2)

1.5
1.0
0.5
0.0
-0.5
-1.0

MoCl5 Only

-1.5

MoCl5 and LiCl

-2.0

-1.0

-0.5

0.0
Potential vs. Ag (V)

0.5

1.0

Figure A-1: CV taken at 10mV/s on Mo plate electrode. The solid black line is 100mM of MoCl5
while the dotted red line is 100mM MoCl5 and 300mM KF.
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KCl was also tested and did not have a significant effect on the electrochemical behavior
of Mo in ethaline. A CV of 50mM MoCl5 is compared to a CV of 50mM MoCl5 and 150mM
KCl in Figure A-2. Both CVs were taken with Mo plate working and counter electrode at
10mV/s.

Current Density (mA/cm2)
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0.0
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0.5
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Figure A-2: A CV of 50mM MoCl5 is compared to a CV of 50mM MoCl5 and 150mM
KCl in Figure A-2. Both voltage scans were taken with Mo plate working and counter
electrode at 10mV/s.
In summary, CVs of MoCl5 in ethaline with and without added chloride salts showed no
significant change. Additionally, no deposit was achieved in the presence of KCl or LiCl with
constant potential experiments, indicating the effect of the cation is not the enabling factor in the
deposition of Mo. Without the fluoride anion present in solution, Mo deposition did not occur.
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Full EDX Map of Deposits
The nature of EDX does not lend itself to an exact quantification of a surface deposit
composition. As such, only the presence of elements on the substrate can be confirmed while
their relative abundances may be skewed. Nevertheless, a full mapping of the elements present in
each EDX scan is provided herein

5.2.1

EDX Mapping of Deposit Made in the Presence of KF

(a)

(b)

(c)

(d)

(e)

(f)

Figure A-3: Individual elements for the deposit produced in the presence of KF. As shown
above: Full EDX element overlay (a), Mo map (b), F map (c), O map (d), Cl map (e), and K map
(f). Details on how this deposit was formed are provided in section 4.4.1.

From Figure A-3, it can be seen that regions between the 3D growths of Mo show the presence
of fluoride and potassium as well as localized chloride. The presence of oxygen in the EDX map
is expected due the exposure of the sample to air and probable adsorption of oxygen or the
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formation of a thin oxide layer. Similar oxygen maps have been seen in the deposition of Mo-Co
alloys in reline DES [7]. Minor oxygen peaks in EDX spectra were also seen in an analysis of a
metallic Mo deposit accomplished in [P444][Cl] [11]. This small oxygen peak, similar to the
oxygen peak observed in the deposits of this work, was attributed to a thin layer of oxides
formed on the top surface of the deposit [11]. To supplement the EDX maps, an approximation
of the elements detected in the EDX scan are given below in Table A-1.
Element
Mo
K
O
F
Cl
C
Zr

Weight %
58.19
26.26
4.23
3.64
3.26
3.17
1.26

Atomic %
28.83
31.92
12.56
9.10
4.37
12.56
0.66

Error %
2.68
4.28
11.29
10.07
6.31
10.86
6.08

Table A-1: EDX elemental approximation of the scanned area. C and Zr were not included in the
EDX mapping, as they are likely artifacts and not actually present on the deposit.

5.2.2

EDX Mapping of Deposit Made in the Presence of LiF

The deposit made in the presence of LiF also had salt adhered to the surface. However, Li
is not detectable with EDX while K is. Furthermore, LiF cannot be rinsed off like KF because it
is insoluble in water and most solvents. To show the presence of this salt, the individual element
maps have been provided below in Figure A-4. In addition to the individual element maps
provided herein, an approximation of the elemental composition of the EDX scans are provided
in Table A-2.
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(a)

(b)

(d)

(e)

(c)

Figure A-4: Individual elements for the deposit produced in the presence of LiF. As shown
above: Full EDX element overlay (a), Mo map (b), F map (c), O map (d), and Cl map (e).
Details on how this deposit was formed are provided in section 4.4.2.

Element
F
Mo
Ni
O
Cl

Weight %
38.70
36.00
11.19
9.4
4.71

Atomic %
61.30
11.29
5.74
17.67
4.00

Error %
8.81
1.32
2.71
9.93
4.86

Table A-2: Approximate elemental composition of the area scanned with EDX. It is believed that
fluoride may be overestimated in the EDX quantification.

In order to rinse off LiF, HF would be required. Of course, this involves special hazards and was
not attempted in this work.
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